Abstract-The first quanta image sensor jot with photon counting capability is demonstrated. The low-voltage device demonstrates less than 0.3e-r.m.s. read noise on a single read out without the use of avalanche gain and single-electron signal quantization is observed. A new method for determining read noise and conversion gain is also introduced.
I. INTRODUCTION
F OR the first time, an image sensor sense node is reported that has sufficiently low capacitance that a single electron's direct effect on the node voltage is clearly visible above background noise with a single correlateddouble-sampling (CDS) read-out at room temperature, thus enabling photon (or photoelectron) counting without the use of avalanche gain. Such a capability will enable a new generation of high resolution image sensors for studying life-science phenomena, operation in ultra-low light conditions, and possible use in quantum encryption, among other applications.
The Quanta Image Sensor (QIS) has been proposed as a specialized CMOS image sensor in which each pixel has sufficient sensitivity to count photoelectrons, either as a singlebit QIS or multi-bit QIS [1] , [2] . Each specialized pixel in a QIS is called a "jot" where multiple jots are needed to create an image pixel. The single-bit QIS needs a full-well capacity (FWC) of at least one electron, and multi-bit jots require a FWC of at most a few hundred electrons.
A single-photon avalanche diode (SPAD), 8µm pitch "jot" array has been used as a QIS image sensor and showed interesting results [3] , [4] . SPADs, while excellent for photon timing applications, inherently require avalanche, resulting in high internal electric fields and high dark count rates that limit pitch and manufacturing yield. Thus, they are not expected to scale well to the sub-micron pitch and multimegajot resolution needed for anticipated QIS applications. Avoiding avalanche-mode operation is a goal in the image sensor field.
Recently, a non-avalanche, low voltage "pump-gate" jot was proposed [5] , [6] and high conversion gain (CG). The pump-gate (PG) jot and a pump-gate jot with tapered reset gate (tapered PG) were both simulated in TCAD showing CG of 250µV/e-and 380µV/e-respectively. The devices use intra-pixel charge transfer from a vertically integrated storage site to a distal floating diffusion (FD). Implemented in a 65nm backsideillumination (BSI) commercial CMOS image sensor process, known to have high fill factor and quantum efficiency, with some implant and mask changes (but no additional masks), the pixels readily achieved 1.4µm pixel pitch for non-shared readout, and 1.0µm pitch for shared readout layout. Additional shrink of size in the same process is possible in the future. Layout of the jots was shown in [6] .
According to one theoretical model [7] , to achieve photoelectron counting, a jot device needs an input-referred read noise level as low as 0.3e-r.m.s., though the model of [2] suggests that read noise less than 0.15e-r.m.s. is ultimately desired. In this letter, the first jot device with sub-0.3e-r.m.s. read noise is demonstrated and signal quantization observed.
II. PUMP-GATE JOT DEVICE DESIGN AND OPERATION
The simulated doping profile of a jot device with a pumpgate type charge transfer gate is depicted in Fig. 1 . With a distal floating diffusion bridged to the transfer gate (TG) by a virtual barrier (VB) region, the FD has no overlap with TG, and with the pump-gate doping profile, the charge in the storage well (SW) will be transferred to the PW region underneath the TG when TG is pulsed "on", and then be laterally pumped over the VB region to the FD when TG turns "off". With small FWC in the SW, complete charge transfer can be achieved. Using this technique, the overlap capacitance between TG and FD can be eliminated.
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Both devices were taped out to the TSMC 65nm BSI process. Implantation conditions were modified according to simulation and the requirements of the jot devices.
The fabricated chip contains twenty 32 ×32 jots arrays with different mask variations. Each array connects to an on-chip switched-capacitor programmable gain amplifier (PGA) with designed gains of 8, 16 and 24. The PGAs output the analog signal to a pad through a single source-follower buffer. In this letter, two of the twenty variations are reported.
III. TESTING RESULTS

A. Photon Transfer Curve
For noise measurement, the chip was tested with an off-chip 14-bit ADC yielding over 10DN/e-, jot-referred. Correlated double-sampling and subsequent noise measurements are performed within the digital domain. The conversion gain of the two types of jots were obtained using the well-known photon transfer curve (PTC) method. The jots in a 32 × 32 array were selected and read out in sequence for multiple frames, and the variance of each jot's signal with different light intensity was measured. As shown in Fig. 2 , the PTC of the PG jot array has a mean slope of 12.1 DN (19.9µV/DN), yielding a CG of 242µV/e-after the in-jot source-follower, which matches the result obtained with TCAD. The measured FWC is 288e-. The same method was used to test a 32 × 32 array of tapered PG jots. The PTC has a mean slope of 20.1 DN (20.0µV/DN) that yields a CG of 403µV/e-. The testing also shows the tapered PG jots have smaller FWC of 210e-compared to the PG jots.
B. Read Noise and Dark Signal
The read noise of both types of jots was measured in the dark with an integration time less than 5µsec and a CDS period of 20µsec. The measured total output-referred read noise of the PG jots is 96.9µVr.m.s., or 0.40e-r.m.s., input referred.
The total output-referred read noise of the tapered PG jots is 136.9µVr.m.s., or 0.34e-r.m.s., input referred. The PG jots may have a lower voltage read noise because they have bigger source-follower gate area, so that lower 1/f noise is expected [9] . Room temperature dark signal was observed to be less than 1e-/s in the measured devices.
C. Photoelectron Counting Histogram
For the photoelectron counting histogram (PCH), jots are readout multiple times under fixed light level, and a histogram of signal levels is made. According to the theoretical model in [2] , if the read noise is zero, the histogram should ideally consist of a series of narrow "spikes" corresponding to integer photoelectron numbers with amplitudes determined by the Poisson distribution. But, due to read noise, these spikes broaden and overlap. For read noise greater than approximately 0.5e-r.m.s., the peaks are so broad that no modulation in the histogram can be discerned and the quantized response is fully blurred by read noise. As was depicted in [2] , for read noise below 0.5e-r.m.s., peaks and valleys emerge in the histogram and are fully formed when the read noise drops below 0.15e-r.m.s.. We term this condition where peaks and valleys are discernible, the deep sub-electron read noise regime.
Using the expressions derived in [2] , it is possible to plot the valley-to-peak modulation (VPM) for the highest peak P p and its highest adjacent valley P v as a function of read noise, where VPM = 1−P v /P p . The results are shown in Fig. 3 along with an approximate analytical expression for VPM. The accuracy of photoelectron counting increases as the modulation approaches unity due to reduction in bit error rate. By experimentally measuring the valley-to-peak modulation, one can use Fig. 3 to deduce read noise. VPM is a new method for determining read noise suitable for QIS devices and can readily allow noise measurements with sub-electron accuracy independent of CG determination. By measuring the distance between peaks, the CG can be measured since the peak separation should be one electron. This can be a new method to measure the CG in jot devices.
The PCH-VPM method was used to characterize the devices. A single jot was selected and read out 200,000 times under fixed light intensity and integration time. The histogram of the signals from a pump-gate jot is depicted in Fig. 4 . The histogram clearly shows a quantization effect. Peaks are evenly separated (33.0DN at 7.7µV/DN), yielding a CG of 256µV/e-, which is 6% higher than the result from the PTC. The relative heights of peaks corresponds to the Poisson distribution with an average signal of ∼6.5e-. VPM indicates a read noise of 0.32e-r.m.s. which is 0.08e-r.m.s. lower than obtained from the dark measurement.
The histogram of the tapered PG jot shows a stronger quantization effect. As shown in Fig. 5 , the average signal level is ∼5.2e-, and the distance between peaks is 59.3DN at 7.2µV/DN, and the CG of 426µV/e-is 6% higher than the PTC result. VPM yields a read noise 0.28e-r.m.s., 0.06e-r.m.s. lower than obtained from the dark measurement. The ADC input-referred calibration (µV/DN) in the PCH mea- surements is different from the PTC measurements because a higher PGA gain is used in the PCH method.
Measurements are summarized in Table 1 . We believe that PCH and VPM methods yield a more accurate measurement of CG and read noise in this low-light regime since they are made directly under actual imaging operation, without artificial timing and with fewer sources of error. They also relate to what we care about most, photon counting capability. PTC measures CG using a broad range of signal (hundreds or thousands of electrons), whereas PCH measures CG with a signal of a few electrons. Thus, the voltage-dependent FD capacitance can reduce the measured CG when using PTC. In Fig. 2 , straight lines using PCH measurement can be used to visually compare the results of the two methods. Note that the PCH measurement corresponds to very low values of DN in Fig. 2 .
IV. CONCLUSION
In this letter, the testing results of a jot fabricated with a 65nm BSI CIS process is reported. The results show that the tested jot device has read noise as low as 0.28e-r.m.s., and a strong quantization effect was observed. For the first time, photoelectron counting is proven to be feasible in CMOS image sensors without avalanche gain, enabling a new generation of highly sensitive, high resolution image sensors.
